The effects of adrenaline on the potential difference across the cell membrane, on formation of inositol phosphates and on intracellular Ca2l ([Ca2l] from the extracellular fluid. Stimulation of phospholipase C is not mediated by pertussis-toxin-sensitive G-proteins, but apparently is inhibited by activation of protein kinase C. Second, adrenaline hyperpolarizes the cell membrane by a mechanism independent from increase in [Ca2+] which is sensitive to pertussis toxin but is, at least in part, insensitive to PMA.
INTRODUCTION
In Madin-Darby canine kidney (MDCK) cells, adrenaline is known to hyperpolarize the cell membrane [1] by activation of K+ channels [2] . .The hyperpolarizing effect of adrenaline is abolished in the presence of the a-blocker phentolamine, and is thus thought to be mediated by a-receptors [1] . Activation of ,f-receptors by isoprenaline leads to a slight depolarization of the cell membrane, an effect mimicked by cyclic AMP and probably elicited by activation of chloride channels [3] . In the absence of extracellular Ca2l the hyperpolarizing effect is transient and can be elicited only once, and is thus thought to be mediated by increased [Ca21] i. It has indeed been shown that adrenaline in MDCK cells is able to increase [Ca2+]1 [4] and InsP3 formation [5] .
The present study has been performed to elucidate further the intracellular mechanisms accounting for the adrenaline-induced hyperpolarization. To this end, the effects of adrenaline on the potential difference across the cell membrane, on [6, 7] were used from passages 80 to 110. Serial cultures were maintained in Dulbecco's modified Eagle's medium with 100% (v/v) fetal-calf serum, 100 units of penicillin/ml and 100 jug of streptomycin/ml, equilibrated with humidified air/CO2 (19: 1) at 37 'C. After growth to confluency, monolayers were dispersed by incubation in a Ca2+-and-Mg2+-free trypsin-EDTA-containing balanced salt solution (pH 7.4) [8] , plated on sterile coverglasses, and incubated again in the same medium as above for at least 48 h. For performance of the experiments, cover-glasses with incompletely confluent cell layers were mounted in a perfusion chamber. A chamber volume of 0.1 ml and a perfusion rate of 20 ml/min allowed rapid fluid exchange. Where indicated, the cells were exposed before the experiment for more than 2 h to 1 mg of islet-activating protein/l from the bacterium Bordetella pertussis (pertussis toxin; Sigma, Munich, Germany), which ADP-ribosylates certain -G-proteins [9] , or for 15-30 min to 100 nM-phorbol 12-myristate 13-acetate (PMA; Sigma), which is known to stimulate protein kinase C [10, 11] .
Solutions and chemicals
The control bath perfusate was composed of (in mM): 114 NaCl, 5.4 [Ca2l], (in nM) was calculated from the observed fluorescence intensity of intracellular fura-2 (F) and the fluorescence intensity of Ca2+-saturated fura-2 (Fm..) [17, 18] , according to:
Germering, Germany), mounted on a Leitz micro-manipulator (Leitz, Wetzlar, Germany). Measurements were performed on a vibration-damped table. The potential differences were recorded on a chart recorder (BBC, Vienna, Austria).
Statistical analysis
The data are given as arithmetic means+S.E.M.. Statistical analysis was made by paired t test, where applicable. Statistically significant differences were assumed at P < 0.05. RESULTS 
Formation of inositol phosphates
As shown in Fig. 1 , adrenaline (1 #M) leads to a transient increase in formation of Ins(1,4,5)P3 and to a more sustained increase in Ins(1,3,4,5)P4. Fig. 2 gives a dose-response curve of adrenaline-stimulated (InsP3) formation. Table 1 30. Fluorescence values were corrected for cellular autofluorescence; 225 nm is the apparent Kd for Ca2+-fura-2 under cytoplasmic ionic conditions [19] , and 0.33FmJ. is the fluorescence intensity of Ca2+-free fura-2 [19] . For determination of Fm.., cells were exposed to 20 /LM-digitonin (Sigma) in control perfusate.
In one series, the excitation wavelength was alternated between 340 nm and 380 nm, and the ratio of the respective fluorescence values was utilized to quantify the [Ca2+]1 measurements [19] . Intracellular pH was determined by using the dye BCECF, calibrated with the high-K+/nigericin technique [20] . [Ca2+1;
According to fluorescence measurements (Fig. 3 To elucidate the dose-dependence of intracellular Ca2l release, the adrenaline concentration was subsequently increased from 1 to 1000 nm in the continued absence of extracellular Ca2l (Fig. 4) . Addition of 1 nM-adrenaline, as well as increasing adrenaline from 1 to 10 nm and from 10 to 100 nm, each led to a significant transient increase in [Ca2+]1. Increasing the adrenaline concentration from 100 nm to 1 /tM, however, did not significantly increase [Ca2+]1. Thus 100 nM-adrenaline leads to a full recruitment of adrenaline-sensitive intracellular Ca2+.
Intracellular pH
This is 7.18 +0.02 (n = 7) in untreated cells and 7.20 +0.02 (n = 7) in cells pretreated with phorbol ester. Adrenaline does not significantly alter intracellular pH in untreated (7.17 + 0.02; n = 7) or phorbol-ester-pretreated (7.19 + 0.02; n = 7) cells.
Cell membrane potential I In the absence of adrenaline, the potential difference across the cell membrane averages -51.4+ 1.1 mV (n = 35). As shown in it increase in In cells pretreated with PMA, the potential difference across the cell membrane averages -44.8 + 0.8 mV (n = 28). In these cells acute administration of adrenaline (1 ,UM) still leads to a hyperpolarization of the cell membrane by -21.4 + 1.3 mV (n = 28), which is in some cells sustained (n = 8), but in others only transient (n = 20); This hyperpolarization is paralleled by an increase of K+ selectivity (Fig. 6) . The hyperpolarization cannot be blocked by 0.1 mM-ouabain (-21.4+1.7 mV; n = 13).
Decreasing extracellular Ca2' activity below 0.1 UM depolarizes the cell membrane significantly to -19.0 + 3.6 mV (n = 8).
During continued decrease in extracellular Ca2', adrenaline still leads to a significant, transient, hyperpolarization of the cell membrane by -9.9 + 3.8 mV (n = 7). If the cells are pretreated with both PMA and pertussis toxin, adrenaline has no significant effect on the potential difference across the cell membrane (-1.2+1.7 mV; n = 13). To elucidate the dose-dependence of adrenaline-induced hyperpolarization in the absence of extracellular Ca2+, the adrenaline concentration was subsequently increased from 1 to 1000 nm in the continued absence of extracellular Ca2+ (Fig. 7) . Adding 1 nM-adrenaline, or increasing adrenaline concentration from 1 to 10 nm, did not significantly alter cell membrane potential. However, increasing the adrenaline concentration from 10 to 100 nm or from 100 to 1000 nm each led to a significant transient hyperpolarization.
DISCUSSION
The present study confirms the conclusions from electrophysiological studies [1] identified in muscle fibres [21] and hippocampal neurons [22] .
Adrenaline has been shown to increase [Ca2l] , via al-receptors in several other tissues (for review see [23] ).
The release of intracellular Ca2+ by a1-agonists is most likely the result of stimulated Ins(1,4,5)P3 formation [5] . An increased inositol phosphate turnover has been reported in several other tissues after the addition of a1-agonists (for review see [23] ).
The activation of phospholipase C does apparently not require pertussis-toxin-sensitive G-proteins. On the other hand, pretreatment with pertussis toxin virtually abolishes the sustained portion of adrenaline-induced hyperpolarization. Thus pretreatment with pertussis toxin dissociates two distinct mechanisms by which adrenaline hyperpolarizes the cell membrane. In previous studies, both pertussis-toxin-sensitive and -insensitive effects of adrenaline have been reported: adrenaline binding and stimulation of phosphorylase in hepatocytes [24] , as well as adrenaline binding and stimulation of phosphoinositide hydrolysis and prostaglandin E2 formation in MDCK cells [25] , were found to be insensitive to pretreatment with pertussis toxin. On the other hand, noradrenaline-induced inhibition of Ca 2+ channels in dorsal root ganglion neurons [26] , adrenaline-induced inhibition of adenylate cyclase [27] [28] [29] [30] [31] , inhibition of insulin secretion [32, 33] and stimulation of phosphoinositide turnover [34] [40] . Clearly, if such localized release of intracellular Ca2+ does occur, its regulation is distinct from the regulation of bulk Ca2+ release from intracellular stores. The seemingly Ca2+-independent hyperpolarization is not the result of activated Na+/K+-ATPase, which is known to enhance the K+ conductance in other tissues [41] . Furthermore, the pH measurements rule out a possible role of intracellular alkalinization, which enhances the K+ conductance in MDCK cells [42] and has been observed upon stimulation of a2 receptors in neuroblastoma x glioma cells [43, 44] . However, additional pretreatment with pertussis toxin virtually abolishes this hyperpolarization. This observation points to G-proteinmediated activation of K+ channels.
In conclusion, adrenaline hyperpolarizes the cell membrane of MDCK cells by at least three distinct intracellular mechanisms.
First, adrenaline stimulates release ofintracellular Ca2 , probably by formation of Ins(1,4,5)P3, a mechanism not mediated by pertussis-toxin-sensitive G-proteins, but apparently inhibited by activation of protein kinase C. Secondly, adrenaline stimulates entry of Ca2+ from extracellular fluid, a mechanism again not mediated by pertussis-toxin-sensitive G-proteins, but apparently inhibited by activation of protein kinase C. Thirdly, adrenaline hyperpolarizes the cell membrane by a mechanism independent of increase in [Ca2+] , by a mechanism sensitive to pertussis toxin.
